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The role of the two hemispheres in the neurorehabilitation of language is still under
dispute. This study explored the changes in language-evoked brain activation over a
2-week treatment interval with intensive constraint induced aphasia therapy (CIAT), which
is also called intensive language action therapy (ILAT). Functional magnetic resonance
imaging (fMRI) was used to assess brain activation in perilesional left hemispheric and
in homotopic right hemispheric areas during passive listening to high and low-ambiguity
sentences and non-speech control stimuli in chronic non-fluent aphasia patients. All
patients demonstrated significant clinical improvements of language functions after
therapy. In an event-related fMRI experiment, a significant increase of BOLD signal was
manifest in right inferior frontal and temporal areas. This activation increase was stronger
for highly ambiguous sentences than for unambiguous ones. These results suggest
that the known language improvements brought about by intensive constraint-induced
language action therapy at least in part relies on circuits within the right-hemispheric
homologs of left-perisylvian language areas, which are most strongly activated in the
processing of semantically complex language.
Keywords: fMRI, aphasia, constraint-induced aphasia therapy, intensive language action therapy, brain
reorganization, stroke, language
INTRODUCTION
A highly disputed issue in cortical reorganization and language
recovery after post stroke aphasia (PSA) is the role of the right
hemisphere (RH) as opposed to perilesional brain regions in the
left language-dominant hemisphere (LH). The classic perspec-
tive had been that language is a function of the left hemisphere
in almost all right-handed individuals, and, in this spirit, some
current approaches to aphasia therapy even aim at suppressing
right hemispheric activity in areas homotopic to left-hemispheric
language regions. Consistent with the primary role of the LH in
language, a majority of studies report evidence of language reor-
ganization in perilesional areas within the LH in PSA patients
(Heiss et al., 1999; Price and Crinion, 2005; Breier et al., 2007;
Meinzer et al., 2008). However, it may be that recovery of function
supported by preserved language pathways in perilesional regions
is limited to patients with small LH lesions. In contrast, patients
with large LH lesions, including damage in an extended area
1VStimuli were taken from Vitello, S., Devlin, J. T., and Rodd, J. M. (2012).
TMS to pars triangularis affects the semantic processing of sentences. Poster
presented at the Neurobiology of Language Conference, San Sebastian, Spain.
of the perisylvian language network, must recruit different neu-
ronal structures to establish new language networks potentially
including homotopic regions of the RH.
A range of findings suggest that the RH makes important con-
tributions to language processing in both the healthy and lesioned
brain and, more specifically, in patients with fluent as well as
non-fluent aphasia (Basso et al., 1989; Basso and Macis, 2011).
In particular, RH areas homotopic to the left-hemispheric infe-
rior frontal and temporal language areas seem to be recruited in
well recovered aphasic patients (Weiller et al., 1995). Activation
dynamics in the RH may therefore reflect the success of neu-
rorehabilitation of language functions (Musso et al., 1999; Saur
et al., 2006). There is evidence that at least some of these new lan-
guage substrates in patients with large lesions may be located in
the non-dominant RH (Cappa and Vallar, 1992; Crosson et al.,
2005; Heiss and Thiel, 2006; Turkeltaub et al., 2012). Apart from
etiology, lesion size and site, time post lesion and other vari-
ables, language recovery, and cortical reorganization in aphasia
seems to be influenced significantly by pre-morbid language use
and therapeutic intervention (Crosson et al., 2005; Marcotte and
Ansaldo, 2010).
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To date, only very few functional neuroimaging studies have
investigated the effects of successful aphasia therapy on brain
reorganization. Hence, the underlying neuronal processes that
may lead to effective language re-learning and cortical re-
organization after stroke are still largely unclear. When assessing
the neuronal changes that accompany therapeutic intervention, it
is of prime relevance to exclude any changes in functional brain
organization that could be attributed to spontaneous recovery
rather than to aphasia therapy. Therefore, it is advantageous to
focus on chronic patients (>1 year post stroke) for whom spon-
taneous recovery of neural function is very unlikely (Berthier and
Pulvermüller, 2011). Furthermore, the type of therapy, along with
the intensity and outcome of the treatmentmay have a great influ-
ence on neuroplasticity. Therefore, it seems most promising to
assess the effects of aphasia therapy on brain reorganization by
choosing a therapeutic method that has been demonstrated to be
effective at the chronic stage and yields its beneficial effect within
a relatively short period of time. Finally, an appropriate choice
of the assessment task is essential. When studying functional lan-
guage activation before and after therapy, it is important to use a
task which covers important aspects of language use and can be
performed effectively by aphasic patients. In this context, it has
been highlighted that structural properties of the patient’s native
language play an important role, since the same underlying deficit
may have different formal manifestations in different languages
(Paradis, 2001).
Intensive Language Action therapy (ILAT), an intensive form
of aphasia therapy, also called Constraint-Induced Aphasia
Therapy (CIAT) (Pulvermüller et al., 2001; Pulvermüller and
Berthier, 2008), has proven to be successful in patients with
chronic aphasia (Bhogal et al., 2003; Kelly et al., 2010; Berthier
and Pulvermüller, 2011). ILAT is a 2 weeks intensive therapy pro-
gramme typically applied with 3 h of training per day. In has been
developed on the basis of established knowledge from the neuro-
sciences and involves practicing language skills that are modeled
on spoken communication in everyday situations (Pulvermüller
and Berthier, 2008). In randomized controlled clinical trials, ILAT
has been shown to be effective in improving language func-
tions after only 10 consecutive weekday sessions in patients with
chronic post-stroke aphasia (Pulvermüller et al., 2001; Meinzer
et al., 2005; Berthier and Pulvermüller, 2011). Therapeutic bene-
fits could even be demonstrated in long-term follow-up studies,
in chronic patients who often had not received any language ther-
apy for years or even decades prior to the therapy (Meinzer et al.,
2005; Berthier and Pulvermüller, 2011).
Brain activation studies have provided somewhat diverging
results with regard to the brain manifestations of language reor-
ganization. Pre-therapy RH activation has been shown to be a
predictor of immediate clinical success post-therapy, but may
not predict the stability of language improvements over time
or indeed be linked to post-therapy changes in RH activation
(Breier et al., 2006; Richter et al., 2008). Instead, ILAT-induced
functional language improvement seems to be associated with
re-recruitment of intact LH regions in the vicinity of the lesion
(Meinzer et al., 2008; Breier et al., 2009). In spite of occa-
sional reports of bihemispheric language reorganization in post-
stroke aphasia (Pulvermüller et al., 2005; Breier et al., 2006;
Kurland et al., 2012), these findings seemingly challenge the
evidence reviewed previously for a prime role of homotopic
RH language regions in aphasia recovery (e.g., Weiller et al.,
1995).
Functional recovery of language at the chronic stage of post-
stroke aphasia is due to neuroplasticity and in particular to
synaptic plasticity driven by Hebbian learning. In theory, ther-
apy can lead to the formation of novel language circuits but
it is likely that much of the restoration of language functions
seen in chronic aphasia is due to the “repair”—that is, strength-
ening and possibly extension—of pre-existing language circuits
functionally impaired by focal cortical lesion. As, in the healthy
cortex, neuronal circuits processing words and meaningful con-
structions are distributed over both hemispheres (Mohr et al.,
1994) and even reach into sensory and motor areas (Kiefer and
Pulvermüller, 2012), the frequent concurrent activation of lin-
guistic forms in the context of, and constrained by, relevant
communicative actions and perceptions may bring about efficient
strengthening of such partly lesioned networks (for a broader dis-
cussion of neuroplasticity due to CIAT/ILAT, please see Berthier
and Pulvermüller, 2011). On this background and because areas
in the still intact non-dominant RH are especially important for
semantic processing (Zaidel, 1976), it appears straightforward to
expect reorganization of semantic networks to be particularly
prominent in the RH. Any right-hemispheric reorganization may
best be revealed by tasks requiring in-depth processing of word
and sentence meaning. This reasoning led us to apply a semantic
task with different levels of semantic processing load to monitor
neuroplasticity changes induced by ILAT.
In the present study, an auditory sentence comprehension task
was used to investigate patterns of brain activation before and
after 2 weeks of ILAT in a group of chronic aphasic patients.
In this task, sentences were presented containing either two
semantically-ambiguous words, or matched control sentences
without ambiguities. For example, the word “bark” can either
refer to the rough surface of a tree or the noise made by a dog, and
hence additional processes of semantic selection and combina-
tion are required to comprehend sentences containing ambiguous
words compared to match low-ambiguity sentences consisting of
words without obvious ambiguities. Because a degree of ambi-
guity cannot be excluded for most sentences—as they can be
meant in minimally different “senses” and referring to differ-
ent entities—we will use the terms “high-“ and “low-ambiguity
conditions.” Previous studies have demonstrated additional acti-
vation for high-ambiguity sentences in bilateral inferior frontal
gyros (IFG) and left posterior inferior temporal lobe (Zempleni
et al., 2007). An auditory semantic ambiguity task has also been
applied in brain injured (minimally-conscious and vegetative)
patients with intact speech comprehension and elicit the same
brain activation patterns for semantically ambiguous and unam-
biguous sentences (Coleman et al., 2007). This finding shows
that the ambiguity task leads to reliable neurometabolic signals
in severely brain-injured patients, thus making it a promising
tool for application in stroke patients. In addition to the contrast
of high- and low-ambiguity sentences, an additional non-speech
control condition was included using signal correlated noise
(SCN). In healthy and brain-injured volunteers alike the contrast
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of sentences vs. non-speech noises was found to lead to activation
in anterior and posterior portions of the superior and middle
temporal gyrus (Rodd et al., 2005; Coleman et al., 2007), includ-
ing the superior-temporal regions involved in processing speech
sounds (Rauschecker, 1999; Price et al., 2005; Rauschecker and
Scott, 2009).
In addition to using semantic ambiguity as a neural marker
for higher-level speech comprehension, we also included a behav-
ioral assessment of the patients’ abilities to comprehend high-
ambiguity sentences. Typically, brain-damaged patients with
lesions in left perisylvian regions show impairments in language
understanding (Bates et al., 2003), including semantic processing
and resolving lexical ambiguities. When processing short sen-
tences containing ambiguous words, two patients with damage
specifically to the left IFG, but who presented with no residual
comprehension problems, were slower at resolving lexical ambi-
guities compared to both healthy controls and a patient with
non-left IFG damage (Vuong and Martin, 2011). Furthermore,
results from previous studies show that patients with non-fluent
aphasia resulting from LH damage were impaired at selecting
the contextually appropriate meanings of ambiguous words, such
that appropriate and inappropriate meanings were chosen equally
often following a constraining sentence (Grindrod and Baum,
2003). These findings suggest that the LH and the left IFG in
particular are critical in processing lexical ambiguities. We there-
fore anticipated that aphasic patients with LH lesions might
demonstrate difficulties in a semantic ambiguity task and fur-
ther that effective language therapy could lead to improvements
in semantic processing of ambiguous words in sentences, com-
bined with neuronal changes in these respective areas. Whether
LH perisylvian processes or rather RH homotopic ones, or both,
contribute to the reorganization of ambiguity resolution remains
to be investigated.
The present study therefore employed three measures to
assess therapy-related changes: (i) clinical language assessment,
(ii) a behavioral auditory semantic ambiguity task, and (iii) a
functional magnetic resonance imaging (fMRI) task with audi-
tory presentation of high and low ambiguity sentences. Clinical,
behavioral and neuronal changes were measured after a 2 weeks
intensive intervention programme with ILAT. It was hypothesized
that chronic aphasic patients would show improvements of lan-
guage functions after therapy. In addition, we expected to find
changes in BOLD activation in response to highly ambiguous sen-
tences, relative to low-ambiguity materials, either in perilesional
areas of the inferior-frontal and temporal core language cortex in
the LH, or in homotopic RH regions, or in both.
METHODS
PARTICIPANTS
Twelve patients (5 females, mean age: 54.5 years, range: 26–76
years) with chronic non-fluent aphasia were tested immediately
before and after participating in a 2 weeks language therapy inter-
val with ILAT (Difrancesco et al., 2012). All participants presented
with mild to moderate language impairments and were recruited
from self-help groups.
Patients were selected according to the following criteria:
(i) language impairment following a single stroke affecting the
territory of the left middle cerebral artery (one patient suffered
from hemorrhage, all others from ischemic strokes), assessed by
structural MRI scans. (ii) monolingual native speakers of English
before stroke, assessed by a language history questionnaire (none
of the patients had been fluent in any language other than
English at any time before stroke). (iii) right-handedness before
stroke. Handedness was assessed with the Edinburgh Handedness
Inventory (Oldfield, 1971). (iv) no psychiatric diagnosis. Patients
with severe comprehension deficits who were not able to fully
engage in therapy were also excluded.
Four patients were not able to undergo fMRI testing due
to health risks. Data from a further two patients could not be
included in the pre-post analysis due to technical problems during
the pre-scanning sessions and consequent data loss. The final pre-
post fMRI analysis therefore included six right-handed patients (1
female, aged 41–76). Table 1 provides clinical and demographic
data for each of the eight patients who underwent fMRI scan-
ning, fromwhich the two patients with incompleteMRI data were
excluded. Language was assessed with the naming test (Boston
Naming Test, BNT) from Boston Diagnostic Aphasia Battery
(BDAE, Goodglass and Kaplan, 1972), including its part on nam-
ing (BNT) and language comprehension, and the Token Test (TT,
De Renzi and Vignolo, 1962). Scores from subtests of the BDAE
and the TT before and after the therapeutic intervention are
presented in Table 2.
The study was approved by the Cambridgeshire Local NHS
Research Ethics (NRES) Committee.
APHASIA THERAPY
Patients participated for 2 weeks in ILAT, which was adminis-
tered for 3–4 h per day for 10 consecutive week-days. Testing
took place immediately before and after the therapy. Details of
the therapeutic setting and regime can be found in Pulvermüller
et al. (2001) and Difrancesco et al. (2012). Clinical and psy-
cholinguistic testing and neuroimaging was done before and after
therapy.
EXPERIMENT 1: BEHAVIORAL SEMANTIC AMBIGUITY
RESOLUTION TASK (PRE-SCANNING)
In a behavioral experiment preceding fMRI scanning, patients
were asked to engage in a semantic ambiguity task which lasted
for approximately 10min and was carried out in a quiet room
before fMRI scanning. This was done to familiarize patients with
the task and to monitor if patients were able to make semantic
decisions above chance level.
MATERIALS
Thirty six high-ambiguity and 36 low-ambiguity sentences spo-
ken by a native English female speaker were presented to the
patients. High ambiguity sentences contained an ambiguous word
(e.g., “plant”) which was disambiguated later on in the sentence
toward the subordinate (less-frequent) meaning of the word (i.e.,
“the student believed the plant should never have been built”).
Each high ambiguity sentence was matched to a low ambiguity
sentence for syntactic structure, number of syllables, number of
words, sentence duration, target and disambiguating word length,
target word frequency and log frequency, disambiguating word
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Table 1 | Neurological and demographic data of eight patients who underwent fMRI scanning.
P Age (in years, Sex Handedness Duration of Etiology Lesion site
at therapy) aphasia (months)
1 74 Male Right 127 Ischemia Left MCA territory, extending from left frontal to left
occipital and parietal area
2 69 Male Right 25 Ischemia Left MCA territory, in LIFG, with additional small lesion
in left IPC
3 48 Male Right 17 Ischemia Left MCA territory, extending from LIFG to STG
4 72 Male Right 32 Ischemia Left MCA territory, extending from left frontal to
posterior STG and parietal area
5 60 Female Right 137 Ischemia Left MCA territory, extending from left frontal to left
temporal and IPC
6 41 Male Right 19 Ischemia Left SFG extending posteriorly to left IPC, with
additional lesion in left ITG
7 76 Male Right 234 Hemorrhage Small lesion in posterior LIFG, extending to insula
8 59 Male Right 104 Ischemia Left MCA territory, extending from LIFG to left
temporal and IPC
Average 63.38 88.88
MCA, middle cerebral artery; LIFG, left inferior frontal gyrus; SFG, superior frontal gyrus; IPC, inferior parietal cortex; STG, superior temporal gyrus; ITG, inferior
temporal gyrus.
Table 2 | Clinical assessment of language functions administered before and after ILAT.
BDAE BDAE TT
Auditory comprehension Syntactic processing BNT (Number of errors)
Patient Before After Before After Before After Before After
1 85 86 22 20 12 23 17 14
2 81 85 15 21 13 19 31 33
3 85 87 11 12 12 24 41 35
4 81 84 16 9 36 32 48 38
5 83 80 18 16 26 27 15 18
6 80 81 16 14 8 14 49 38
7 88 90 21 22 48 48 16 17
8 82 86 15 15 48 51 35 30
Mean 83.13 84.88* 16.75 16.13 25.38 29.75* 31.50 27.88*
SD 2.70 3.23 3.54 4.58 16.69 13.31 14.16 9.96
BDAE (Boston Diagnostic Aphasia Battery; Goodglass and Kaplan, 1972)—Auditory comprehension composite score includes word comprehension, word compre-
hension by categories, and semantic probe subtests; Syntactic processing composite score includes touching A with B, reversible possessives and embedded
sentences subtests; BNT, Boston Naming Test. TT, Token Test (De Renzi and Vignolo, 1962).
*Indicates significant differences between pre and post-therapy assessment.
frequency, and the number of senses for the disambiguating word.
Low ambiguity sentences contained minimally ambiguous words
(i.e., “the students believed the hill could never have been climbed”).
The duration of the sentences ranged from 2.21 to 2.29 s.
For each sentence, two probe words were generated. Probe
words for the high ambiguity sentences were either related to the
contextually-appropriate meaning of the ambiguous word (i.e.,
manufacture) as disambiguated in the sentence or irrelevant (i.e.,
tree) a word that was related to the context-irrelevant, domi-
nant meaning of the ambiguous word. Probe words for the low
ambiguity sentences were a related probe, which was related to the
sentence meaning, and an unrelated probe not related to the sen-
tence meaning. Probe words were matched across conditions for
length, frequency, and log frequency.
PROCEDURE
All stimuli were presented using E-prime Professional 2.0
(Psychology Software Tools, Pittsburgh). A cross in the center
of the screen indicated the beginning of a trial. Patients were
instructed to press any key on a button box to begin a trial when
they were ready. Each sentence was presented auditorily one at
a time, followed by a 2000ms pause. Patients were instructed to
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listen carefully to the sentences. After the presentation of each sen-
tence, two probe words were visually presented on a computer
screen. One word was presented to the left of fixation and the
second word was presented to the right of fixation. Both words
stayed on the screen until patients had made their responses.
Patients were instructed to decide which of the two words best
fit with the meaning of the sentence and to press one of two but-
tons which corresponded to the side of the screen on which the
related probe word was presented. In addition, probe words were
presented auditorily. This was done to help patients with read-
ing problems who had difficulties to read the visually presented
words, as multisensory presentation of stimuli seems to enhance
cognitive processing (Diederich and Colonius, 2004).
Patients were given three trials not included in the main task
as a practice run.
The 36 items from each condition were split into two equal
runs, each including 18 pairs ofmatched high- and low-ambiguity
sentences. The two runs were also matched for number of syl-
lables per sentence, duration, rated naturalness and dominance
scores of the ambiguous word. Stimuli in the behavioral task were
different from those used in the fMRI task. Patients engaged in
the behavioral semantic ambiguity task before and after language
therapy. The order of stimulus presentation was counterbalanced
across the two testing sessions.
EXPERIMENT 2: fMRI CORRELATES OF SEMANTIC
AMBIGUITY RESOLUTION
METHODS
Materials
Stimuli were taken from Rodd et al. (2005) and consisted of two
auditory speech conditions (high-ambiguity and low-ambiguity
sentences) and a low-level noise control condition. There were 57
stimulus items in each condition. The high ambiguity sentences
contained two ambiguous words which were disambiguated in
the sentence (e.g., “there were dates and pears in the fruit
bowl”). Ambiguous words could be either homonyms (twomean-
ings, but identical spelling and pronunciation, e.g., “bark”) or
homophones (two meanings, different spelling, identical pro-
nunciation, e.g., “knight”/“night”). The ambiguous words in all
sentences had an inappropriate meaning that belonged to the
same syntactic category as the correct interpretation, so that
both meanings were possible considering the purely syntactic
context. Therefore, disambiguation had to be done on the basis
of semantic rather than syntactic information provided by the
sentence context. Each sentence was matched to a low ambigu-
ity sentence for number of words and syntactic structure. Low
ambiguity words contained minimally ambiguous words (i.e.,
“there was beer and cider on the kitchen shelf”). The physical
duration of the sentences ranged from 1.2 to 4.3 s and the two
conditions were matched for number of syllables, physical dura-
tion, rated naturalness, imageability and mean frequency of the
content words in the CELEX database (log-transformed word
frequency, Baayen et al., 1995). Imageability and naturalness rat-
ings were obtained by using a 9-point Likert scale (whereby the
number 9 indicated highly imageable or natural stimuli). None
of the psycholinguistic factors revealed any significant difference
between the two sentence types (all p-values > 0.1). Table 3
presents descriptive statistics of stimulus characteristics. The 57
sentences in each condition were then divided into three sets
of 19 sentences—one of these sets of sentences was selected for
use in either the pre- and post-therapy scanning session. A fur-
ther set of 19 sentences provided ambiguous words to be used in
the control condition of the post-scanning word association task.
Assignment of sentences to conditions was counterbalanced over
patients.
Fifty seven sentences not used in either speech condition but
matched for number of syllables, number of words and physical
duration were converted to SCN. These items were derived from a
white noise shaped to have the same long term average spectrum
and amplitude envelope as the speech stimuli. They were unin-
telligible and contained no recognizable speech sounds, words or
meanings, and sound like fluctuating static noise. SCN was used
as a low-level baseline condition to allow assessment of activity in
low-level auditory areas (in Heschl’s gyrus) compared to rest, and
to assess speech vs. non-speech activity in lateral temporal regions
(Mummery et al., 1999). An additional 19 trials (in each scan-
ning run) contained silent rest periods to allow for comparisons
between low-level SCN activation and silent rest periods.
Sentences were spoken by a female native speaker of English.
All stimuli were presented using E-prime Professional 2.0
(Psychology Software Tools, Pittsburgh). Patients were instructed
to listen attentively to the sentences without performing an
explicit task. Previous research has shown equivalent activation
of inferior frontal and inferior temporal regions during seman-
tic ambiguity resolution in active and passive listening conditions
(Rodd et al., 2005).
fMRI procedure and data acquisition
A sparse imaging technique was used to minimize interference
from scanner noise (Hall et al., 1999). Participants heard a sin-
gle sentence, an SCN equivalent or silence in a 9 s period before
a 2 s whole-brain EPI acquisition. The timing of stimulus onset
was altered for each sentence or noise condition, in order that the
midpoint of each stimulus was temporally aligned with a point
5 s before the midpoint of the subsequent scan (i.e., 5 s into the
9 s silent period). This ensured that the hemodynamic response to
Table 3 | Stimulus properties and ratings (means) for high and low ambiguity sentences used in the fMRI experiment.
Sentence type Length in syllables Length in words Length in seconds Naturalness Imageability Log word frequency
High-ambiguity 11.6 9.3 2.2 6.3 5.2 4.5
Low ambiguity 11.8 9.3 2.2 6.4 5.3 4.7
In none of the physical and psycholinguistic factors assessed did the two sentence groups differ significantly from each other. (all ps > 0.1).
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the sentence had reached an approximate maximum at the time
of the subsequent scan.
The 57 trials for each condition were split into three sessions
of 79 scans which included 19 items per condition (high/low-
ambiguity/SCN) as well as 19 silence trials plus two dummy
scans at the start and one dummy scan at the end of the scan-
ning run. Items from each condition were equally distributed
across the three scanning runs and pseudo-randomized to ensure
that each condition occurred equally often after each of the
other conditions. One of these three scanning runs was deliv-
ered at each of the two time points tested (i.e., pre- and post-
therapy). The assignment of specific sentence materials to the
pre- and post-therapy scanning runs was counterbalanced over
patients.
All images were acquired on a Siemens 3 T Tim Trio scanner
(Siemens Medical Solutions, Camberley, UK) with a 32-channel
head coil. Echo planar image volumes were acquired during a
scanning session lasting approximately 12min. Each scanning
volume consisted of 32 slices, each 3mm thick, with an interslice
gap of 0.75mm and in-plane resolution of 3 × 3mm, FOV =
192 × 192mm; Total TR = 11 s (TE =30ms, acquisition time =
2 s). A T1-weighted structural image was acquired for each patient
using an MPRAGE sequence (TR = 2250ms, TE = 2.99ms, flip
angle = 9◦, FOV =256 × 240 × 160mm, voxel size = 1 ×
1 ×1mm).
fMRI analysis
FMRI data were pre-processed and analyzed using Statistical
Parametric Mapping software (SPM 8, Wellcome Department
of Imaging Neuroscience, London, UK). Pre-processing steps
included within-subject realignment, spatial normalization of the
functional images to a standard EPI template and spatial smooth-
ing using a Gaussian kernel of 10mm. Data were analyzed using
the General Linear Model (GLM) modeled in scans using the
canonical HRF filter. At the first level the pre and post scanning
sessions were modeled within the same design matrix. Within
each participant’s first level model, each condition was mod-
eled separately, in addition to the scanning session mean, and
six movement regressors of no interest. Second level whole brain
analysis was conducted for SCN vs. Rest. This was done by tak-
ing images from the first level up to the second level to conduct
random effects one sample t-tests. Regions of interest (ROIs)
were defined using Marsbar (Brett et al., 2002) and orthogonal
contrasts from this study, or from previously published findings
in healthy volunteers. For each patient, activation values within
each ROI were averaged for each scanning session and the signifi-
cance of neural differences between pre and post therapy scanning
sessions was assessed using the MarsBar software. In addition
small volume corrections (SVC, Worsley et al., 1996) were also
conducted within localized ROI. For this contrast, SVCs were gen-
erated by examining activity within regions activated in healthy
volunteers for [Speech> SCN]whilst excluding lesioned tissue on
an individual participant basis (Seghier et al., 2008). These search
volumes were localized in the LH and RH, centered on the supe-
rior temporal sulci, extending to anterior and posterior middle
temporal gyri and additionally included a portion in the inferior
frontal gyri, bilaterally.
As mentioned before, for two patients, issues with the timing
of stimulus presentation as controlled by E-prime precluded sta-
tistical analysis of fMRI data. Therefore, only data from the
six remaining patients who successfully completed pre- and
post-scanning sessions, was further analyzed.
Lesion identification analysis
To obtain a lesion map identifying the sites of major damage
in each patient’s brain, damaged tissue was identified using the
Automatic Lesion Identification (ALI) toolbox (Seghier et al.,
2008). This method involves augmenting the standard genera-
tive model for unified segmentation (as implemented in SPM8)
with an empirical prior for a “lesioned tissue class” that is opti-
mized iteratively. Healthy gray and white matter tissue maps were
established by segmenting structural brain images of a group of
age matched neuro-typical individuals (60 individuals, mean =
61, min = 43, max = 75 years) taken from a wider reported
corpus (Peelle, 2012). These healthy gray and white matter seg-
mentations, following normalization and smoothing, were used
as the basis for establishing outlier gray and white matter in the
patient group (i.e., lesioned tissue) using a fuzzy clustering proce-
dure. Individual binary lesion images were combined to create a
lesion probability map, showing the spatial extent and anatomical
overlap of lesions for the group of patients (see Figure 1). Across
the patients, damage covered a number of key left-hemisphere
language regions around and extending from the Sylvian fissure,
including the inferior andmiddle frontal gyrus, inferior and supe-
rior temporal gyrus (STG), inferior parietal areas, hippocampus,
and left insula. The damage also extended to underlying white
matter, following the curve of the arcuate fasciculus.
For subsequent analyses, individual participant ROIs were
defined based on brain regions activated for high and low ambi-
guity sentences in a previous study of healthy volunteers (Rodd
et al., 2005), while excluding lesioned tissue. Fourmain ROIs were
defined for the ambiguity contrast: left inferior frontal, left tem-
poral, right inferior frontal and right temporal. RH ROIs were
generated by mirroring the left hemisphere activation observed
in healthy volunteers. ROIs for the contrast of sentences and
non-speech noises were also taken from previous data collected
in healthy volunteers included a large region of the superior
and middle temporal gyri, extending both anterior and poste-
rior along the superior temporal sulcus and additionally included
a portion of the inferior frontal gyri. Bilateral and symmetrical
ROIs were generated by mirroring and combining the (typically
bilateral) activation seen for speech vs. non-speech contrasts in
healthy volunteers.
RESULTS
Standardized clinical language tests (pre-post therapy)
Clinical language assessment pre and post therapy was analyzed
using paired samples t-tests. Results showed significant improve-
ments in language functions after the 10-day treatment interval in
the BNT, t(7) = 2.26, p = 0.029; in the Auditory Comprehension
subtest of the BDAE t(7) = 2.67, p = 0.032 and in the TT t(7) =
2.20, p = 0.048 (which assesses patients’ auditory language com-
prehension abilities). Significant improvements in the BNT and
TT after therapy are displayed in Figure 2.
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FIGURE 1 | Lesion overlap map for patients who successfully underwent fMRI scanning before and after aphasia therapy. Color indicates the number of
patients with damage at each voxel.
FIGURE 2 | Behavioral improvement over therapy in the patient
group: Average pre and post therapy scores for number of
correct items named on the Boston Naming Test (left panel) and
number of errors on the Token Test (right panel). Error bars
represent standard errors. Asterisks indicate significance level at
p < 0.05.
In addition, a normalized change score was calculated over all
three language tests (BNT, TT, auditory comprehension) taken
together to assess general clinically manifest language perfor-
mance. Results demonstrated significant improvements of overall
language performance after therapy t(7) = 2.67, p = 0.016. These
results were largely confirmed by additional analyses performed
for the six patients whose data entered the pre-post fMRI anal-
ysis. A significant improvement in the BNT, t(5) = 1.20, p =
0.024, a marginally significant improvement in the Auditory
Comprehension test t(5) = 1.58, p = 0.087 and again a signifi-
cant improvement of overall language performance were evident
t(5) = 2.02, p = 0.049.
EXPERIMENT 1: BEHAVIORAL ASSESSMENT OF SEMANTIC
AMBIGUITY RESOLUTION (PRE-AND POST-THERAPY)
A two-factor repeated measures ANOVA assessed accuracy in
selecting sentence-appropriate probe words for high-and low
ambiguity sentences pre-and post-therapy. Patients were signif-
icantly more accurate at selecting the correct probe word for
low- compared to high-ambiguity sentences [F(1,14) = 36.149,
p < 0.001]. These data are displayed in Figure 3. There was no
difference in the proportion of correct answers across the two
testing sessions, neither was there an interaction between the
factors session (pre and post therapy) and sentence type (high and
low ambiguity). One-sampled t-tests demonstrated that patients
correctly chose the relevant probe words for high ambiguity sen-
tences significantly more often than at chance level at both the
pre- [t(7) = 14.04, p < 0.001] and post-therapy [t(7) = 22.42,
p < 0.001] testing sessions. This suggests that patients were
able to extract the correct meaning from both high and low
ambiguity sentences and make appropriate semantic ambiguity
decisions. This pattern remained the same after the 2 weeks of
therapy.
EXPERIMENT 2: fMRI CORRELATES OF AUDITORY AND
SPEECH PERCEPTION AND SEMANTIC AMBIGUITY
RESOLUTION
fMRI: SIGNAL-CORRELATED-NOISE vs. SILENCE
Individual analyses of whole brain activity
Acoustic processing of auditory stimuli was assessed by compar-
ing responses from SCN (i.e., non-speech) to a silence period
where no stimulation took place. This contrast identified brain
regions involved in acoustic processing which are unrelated to
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higher level speech processing. In healthy participants, SCN stim-
ulation compared to rest led to activation of the primary auditory
cortex, surrounding Heschl’s gyrus (Davis and Johnsrude, 2003).
As expected, this contrast comparing BOLD responses elicited by
FIGURE 3 | Number of correct probe words selected for low ambiguity
(low Amb) and high ambiguity (High Amb) sentences across two time
sessions (pre and post therapy). Error bars represent standard error.
SCN with silence, showed anatomically appropriate responses in
Heschl’s gyrus in all patients, similar to healthy controls, both
during pre- and post-therapy sessions. This activation survived
correction for multiple comparisons at the whole brain level (p <
0.05 Family Wise Error correction, FWE). There was no evidence
for any change of this pattern of activation over therapy.
fMRI: SPEECH vs. SIGNAL-CORRELATED-NOISE
Language-specific brain activation was investigated by comparing
the BOLD responses averaged over high and low ambiguity sen-
tences with the SCN condition. This speech vs. non-speech con-
trast allowed identification of brain regions specifically involved
in auditory language processing.
The [speech > SCN] contrast revealed activation in the tem-
poral lobe which survived significance after SVC in three patients.
Significant results were found at pre and post-therapy testing ses-
sions, although direct pre-post comparisons were nonsignificant
(see below). Two of the patients (2 and 3) showed significant
bilateral activation in middle and STG, extending to the tem-
poral poles. One patient (patient 6) showed extensive activation
in the left hemisphere only, in middle temporal gyrus extend-
ing to the middle temporal pole. These results are evidence of
substantial variability in the localization of brain processes that
FIGURE 4 | Variability of brain activation to speech as compared with
signal-correlated-noise, SCN. Significant activation to speech vs. SCN after
small volume correction is displayed in the left and right hemisphere of three
patients. Red voxels indicate activation before and blue ones after the therapy
interval. Pink voxels show significant activation before and after therapy.
Statistical analyses failed to reveal any significant change of activation in the
speech vs. SCN contrast over therapy in any of the patients. Note the
variability of speech-related activation over patients.
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distinguish between speech and noise in aphasic patients (see
Figure 4).
There were no significant activation clusters for the pre-post
[speech > SCN] comparison for any of the patients individually.
In addition, none of the voxels that showed stronger activation
to speech than noise gave evidence of significant changes of the
speech-noise contrast over therapy (pre vs. post contrast). Thus,
our results failed to support the hypothesis that speech processing
in general was altered by therapy—as compared with the noise
baseline.
A group analysis showed speech vs. SCN activation at a low
threshold (p < 0.001, uncorrected) in both hemispheres before
and after therapy, which, however, did not survive SVC. This non-
significance after correctionmatches the observation of variability
in the precise regions involved in this contrast, which emerged
from the single subject analyses. Again no evidence for a change
over therapy of speech-evoked activations in general was found
relative to SCN.
fMRI: HIGH AMBIGUITY vs. LOW AMBIGUITY SENTENCES
Higher-level processing of semantic information was addressed
by comparing BOLD responses to high ambiguity vs. low ambi-
guity sentences. This contrast allowed us to identify additional
neural activity specifically associated with highly complex seman-
tic processes when patients had to process sentences containing
semantically ambiguous as opposed to unambiguous words, for
example: pears/pairs or night/knight. In healthy volunteers, this
contrast produced activation in the left posterior inferior tempo-
ral lobe as well as in left IFG (Rodd et al., 2005). Activation in
these areas in patients would therefore provide a neural correlate
for higher level semantic processing of sentences consistent with
the successful ambiguity resolution shown by the behavioral data.
A Marsbar ROI analysis was conducted. ROIs were defined by
using the contrast [High > Low Ambiguity], which had been
reported to be significant at the group level in healthy volun-
teers (Experiment 2 of Rodd et al., 2005). MNI coordinates for
selected ROI centers were for ambiguous vs. unambiguous sen-
tences: LH IFG (−49, 28, 18); RH IFG (44, 14, 30); LH STG
(−52, −51, −7.4); RH STG (52, 51, 7). Figure 5 shows ROIs for
each individual patient (after projection and removal of lesioned
tissue) used in the ambiguity contrast analysis.
A 2 × 2× 2 (ROI×Hemisphere× Session) repeatedmeasures
ANOVA documented a significant two-way interaction between
the factors scanning Session andHemisphere [F(1, 5) = 8.349, p =
0.034] revealing a significant change in activation in the RH in
the post-therapy session compared to the pre-treatment session,
but no change in the left hemisphere across the two sessions (see
Figure 6). Before therapy, right hemispheric activation was signif-
icantly stronger for unambiguous sentences than for ambiguous
ones, but after therapy, this difference had disappeared. Please
recall that healthy controls had shown stronger activation for
ambiguous sentences than for unambiguous ones in these same
ROIs; the reverse effect in our patients was therefore surprising. In
this context the vanishing of unambiguous sentence-superiority
in the RH of aphasic patients over therapy can be seen as a step
toward typical brain activation. We will discuss this result in more
detail below.
DISCUSSION
The present study investigated the neuronal changes underlying
language recovery consequent to ILAT in a group of stroke
patients with chronic aphasia. ILAT was administered during
a period of 10 consecutive days. Before and after interven-
tion, patients underwent clinical language assessment, behavioral
testing and fMRI scanning whilst listening to ambiguous and
unambiguous sentences and matched non-speech sounds. The
results revealed that (i) ILAT led to significant improvements of
language functions over a short period of time, (ii) patients were
able to successfully perform lexical ambiguity decisions, and, (iii)
neurometabolic changes over therapy in the processing of seman-
tically more or less complex sentences occurred in inferior-frontal
and superior-temporal areas of the RH adjacent to regions homo-
topic to the perisylvian language areas in the left hemisphere.
After therapy, relative neurometabolic activation increase was
manifest in a task requiring in-depth linguistic-semantic analysis
of otherwise well-matched language materials, so that the neu-
ral dynamics may be attributed to brain mechanisms of semantic
processing of ambiguous sentences.
The present results confirm previous findings that ILAT, an
aphasia therapy based on neuroscientific principles, can lead to
recovery of language functions and to changes in cortical acti-
vation patterns within a very short period of time (Pulvermüller
et al., 2001; Meinzer et al., 2008; Kurland et al., 2012). Previous
findings are extended by demonstrating therapy-related neu-
rometabolic changes related to semantic ambiguity processing.
In contrast with some previous reports (Meinzer et al., 2008)
and in agreement with others (Pulvermüller et al., 2005; Richter
et al., 2008), our data suggest a prime role of the RH in func-
tional reorganization of language after intensive speech ther-
apy, especially in the domain of semantic language processing.
Significant clinical improvements were found in patients’ nam-
ing abilities and sentence comprehension, measured by the BNT,
the Auditory Comprehension subtest and the TT, respectively.
Due to the careful selection of chronic patients (>1 year post
stroke), it seems unlikely that the observed language improve-
ments can be attributed to spontaneous recovery. Interestingly,
although naming is not explicitly practiced in ILAT, improve-
ments in naming abilities after ILAT have also been found in
previous studies (Pulvermüller et al., 2001; Meinzer et al., 2005;
Maher et al., 2006; Berthier et al., 2009; Difrancesco et al.,
2012). Moreover, improvements of performance in the TT after
ILAT have been reported previously (Pulvermüller et al., 2001)
and reflect improvements in receptive (semantic and syntac-
tic) language abilities due to successful training with ILAT. In
this context, it should be noted that ILAT focuses on com-
municative speech acts such as “making a request” or “plan-
ning an action.” Improvements in specific language abilities
such as naming therefore constitutes evidence for a general-
ization of therapy effects over speech acts (from requesting to
naming).
Why did right hemispheric circuits, but not left hemispheric
ones, reveal neuroplastic changes in the current study? Building
on the suggestions offered in the introduction, we wish to hypoth-
esize that, in the healthy individual, semantic circuits for words
and constructions are spread out over both hemispheres and
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FIGURE 5 | Region of interest maps for the high vs. low ambiguity
contrast. Four ROIs from healthy volunteers were defined by
contrasting high ambiguity sentences > low ambiguity sentences
(taken from Rodd et al., 2005, upper row). Lesioned tissue within
each individual patient was excluded from ROIs, resulting in reduced
extension of LH ROIs in patients. (Dark blue, left frontal ROI; light
blue, left temporal ROI; yellow, right frontal ROI; red, right temporal
ROI).
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FIGURE 6 | BOLD ambiguity contrast (high vs. low ambiguity
sentences) in the left and right hemisphere (LH, RH) before and after
therapy (pre, post). As the relative activation is plotted, negative bars
mean that unambiguous sentences led to stronger brain activation than the
more complex ambiguous ones. This was the case before therapy in the
right hemisphere. After therapy, this RH under-activation to semantically
ambiguous sentences disappeared (significant interaction of the factors
Prepost × Hemisphere, p < 0.034).
that lesion in left-perisylvian language areas renders these cir-
cuits functionally deficient. If aphasia therapy with high fre-
quency leads to strengthening of synaptic connections in the
pre-existing but damaged circuits, and, in addition, putatively, to
incorporation of new neurons into the cell assemblies, the peri-
sylvian areas of the RH homotopic to the language regions of
the left are prime candidates for such re-organization of language
mechanisms. Such reorganization is consistent with the improved
performance of our patients on the BNT and their overall clini-
cal language performance. As the RH is especially important for
the reorganization of semantic circuits, it is not surprising that
metabolic changes—the relative enhancement of BOLD signals
seen in the inferior-frontal and superior-temporal ROIs on the
right—are clearly apparent in a demanding semantic condition,
where stimulus words and constructions offered different seman-
tic understandings (high ambiguity condition). In theory, such
reorganization should also be apparent in a low load semantic
condition, but given the low power of our present study with only
six patients, one cannot expect to statistically confirm such an
effect. In future, larger numbers of patients need to be scanned
to replicate the present result of signs of most pronounced reor-
ganization in the right non-dominant hemisphere for in-depth
semantic processing, and to investigate the possibility of simi-
lar (but milder) effects in simple semantic tasks. It should also
be assessed whether aphasic patients have any specific impair-
ment in ambiguity processing, which reduces in the course of
aphasia therapy. Our present post-scanning sentence judgment
task was aimed to confirm understanding of sentences by all
patients and successfully revealed high near-ceiling performance,
which did not document a behavioral correlate of improvements
in ambiguity processing. On the other hand, this absence of an
effect is important for interpreting the present results, as a lack
of ambiguity understanding in our patients before therapy would
forbid any strong interpretation of the neurometabolic changes
in terms of semantic processing. In this case, subjects could sim-
ply have not listened to some of the ambiguous items leading to
reduced brain activation in the pre-therapy session. As good per-
formance was seen before and after therapy, the fMRI changes can
be interpreted as signs of a change in the processes supporting
successful semantic processing.
The main aspect of this study was to determine cortical
reorganization as a result of language training with ILAT. In
order to map brain areas that might show changes in neuronal
activation during the course of the therapy, a semantic ambigu-
ity task seemed ideal, as it had produced activation patterns in
language-relevant brain regions (Rodd et al., 2005), was man-
ageable by aphasic patients, challenging enough to prevent per-
formance at ceiling levels and resembles natural language use in
everyday life, which always serves the communication of meaning
at different levels of complexity.
Behavioral data from the semantic ambiguity task performed
by patients before scanning revealed that semantic ambiguity
decisions were well above chance (average: 88.9%) and yielded
high accuracy scores, similar, but below those obtained in healthy
controls (average: 97%). These results fit with previous reports
that aphasic patients are able to use sentence contexts for dis-
ambiguating semantically ambiguous words (Vuong and Martin,
2011). In contrast to healthy controls, who did not show differ-
ences between high and low ambiguity decisions (Rodd et al.,
2005), patients were better at making decisions for low ambi-
guity sentences, indicating that high ambiguity sentences might
have been slightly more challenging for patients than low ambi-
guity sentences. Importantly, however, there were no significant
changes on this semantic task when pre- and post-therapy per-
formance was compared.
The main rationale for employing a behavioral task in addi-
tion to the fMRI task was to obtain a behavioral measure of
the patients’ ability to distinguish words with different levels of
semantic ambiguity. This ensured that patients were able to reli-
ably process stimuli presented in the scanner, as the fMRI task
did not include a behavioral component. It should be noted that
there was no difference in behavioral measures of semantic ambi-
guity decision before and after the therapy, as patients showed
similar accuracies in pre- and post-therapy testing sessions. This
may be due to the fact that patients already performed at ceiling
level at the pre-therapy testing session (see Figure 3). This view is
supported by the low standard errors, indicating that all patients
were able to manage the task with very few errors, both before
and after ILAT. However, given that some patients had rather large
lesions affecting most parts of the fronto-temporal language net-
work in the left hemisphere, it is surprising how well patients
were able to retrieve the correct semantic meaning of the ambigu-
ous words, which were comparable to accuracy levels of healthy
individuals.
As the number of patients who could be included in the pre-
post fMRI analysis was rather small, we performed analyses of
individual data sets for each contrast, followed by group analy-
ses. The paradigm employed here has already been successfully
applied in single-subject analyses (Coleman et al., 2007) and
our findings demonstrate neural activation which even reached
significance at a conservative threshold corrected for multiple
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comparisons in some of the single-subject analyses. Some aspects
of these activations were comparable to activation seen in a group
of healthy volunteers while others seemed especially variable over
patients.
The SCN condition was included to control for unspe-
cific (non-speech) effects on the auditory system. For non-
linguistic acoustic stimuli matched to our sentence materi-
als (SCN), there was no consistent pattern in brain activa-
tion changes over therapy. It should be noted that all patients
showed anatomically appropriate activation to auditory stim-
uli, comparable to that of healthy volunteers (Rodd et al.,
2005).
When contrasting BOLD signals elicited by speech (both
ambiguity conditions combined) with those to SCN, we found
significant activation clusters in the RH in middle and STG,
extending to the temporal pole. These contrasts survived SVC
in three out of the six patients (Figure 4), thus demonstrat-
ing a robust effect in these individuals. Whereas right hemi-
spheric activation was significant—with some local variation in
all three patients, only two showed additional left-hemispheric
SVC-significance for the contrast speech vs. SCN, while healthy
controls activate a substantial portion of their perisylvian fronto-
temporal cortex for this contrast. In this context, our present
findings suggest that this contrast may be less pronounced in
patients and variable over individuals, even in its degree of lateral-
ity between the two hemispheres. For interpreting our remaining
results, it is important to stress that the speech vs. non-speech
contrast failed to give evidence of any changes over therapy. None
of the single subject or group analyses performed on this con-
trast revealed significant activation increase or decrease between
the pre- and post-sessions. The significant change seen in the
ambiguity contrast is therefore a unique feature of our present
results.
The ambiguity contrast comparing BOLD responses to high
ambiguity stimuli with those to low ambiguity stimuli showed
a significant session by hemisphere interaction (p = 0.03), indi-
cating that highly ambiguous sentences elicited significantly
more activation, relative to low-ambiguity sentences in infe-
rior frontal and temporal regions in the RH after the therapy
compared with before, whereas left-hemispheric activation con-
trasts remained unchanged. No statistically reliable differences
emerged between the frontal and temporal ROIs; therefore, only
the laterality factor (hemisphere) can be interpreted. Before ther-
apy, the right non-dominant hemisphere showed a relatively
reduced activation to ambiguous sentences compared with unam-
biguous ones. This means that those right-hemispheric frontal
and temporal areas that normally—in healthy individuals—
respond more strongly to ambiguous than to unambiguous
sentences, actually responded less in our patients. This find-
ing suggests that the relative reduced activation to ambiguous
sentences may indicate a processing problem for these difficult
items. After therapy, the relative under-activation in the RH to
ambiguous sentences had disappeared, now showing compara-
ble activation patterns to unambiguous and ambiguous items,
indicating less effortful processing for these complex stimuli.
This change can be seen as one step toward normal language
processing and may potentially indicate that patients engaged
more strongly in processing semantically complex materials after
treatment.
Contrasting with these right-hemispheric findings, there was
no evidence for change in neuronal activation in the left hemi-
sphere over time. In healthy volunteers, inferior frontal regions,
and inferior temporal regions in both cortical hemispheres have
previously been identified as crucial in resolving lexical ambi-
guities and therefore seem to be involved in the complex pro-
cessing of semantic linguistic information (Rodd et al., 2005;
Zempleni et al., 2007). These results further demonstrate the
usefulness of semantically demanding tasks and stimuli in reveal-
ing neuroplastic changes related to language reorganization which
may be difficult to reveal with more basic speech contrasts (for
example, speech vs. SCN).
As functional language training emphasizing processing of
meaning and the differentiation of semantic properties in a com-
municative context is a key feature of ILAT, the current dynamics
of the brain correlates of semantic processing sit well with its
application. However, any strong conclusions on specific effects
of ILAT on semantic brain mechanisms must wait further testing
in randomized controlled trials. In general, the observed changes
in activation in semantic networks in right-hemispheric areas fol-
lowing 2 weeks of ILAT are consistent with the idea that massed
practice of behaviorally relevant language may aid functional
recovery after stroke (Taub et al., 2002; Berthier and Pulvermüller,
2011). The neurometabolic changes may have correlates in RH
functional connectivity and could be due to increased activa-
tion in already established but strengthened language circuits or
to formation of new circuits as a result of intensive language
therapy.
The analysis of activation patterns in individual patients indi-
cates that some patients showed an increase in activation in
right frontal and temporal regions after therapy and that this
activation increase was most pronounced for high ambiguity
sentences. Already in healthy volunteers, bilateral frontal, and
temporal activation enhancement was seen to ambiguous sen-
tences compared with matched unambiguous ones (Rodd et al.,
2005). It appears that it is especially the RH functional net-
work that shows plasticity over ILAT. However, it should be
noted, that this group result could not be confirmed by each
patient at a single subject analysis level and it appeared that
especially patients with strong activation in the LH failed to
show evidence of any neurometabolic changes over the treat-
ment period. Hence, while the overall group analysis revealed
significant activation changes in frontal and temporal areas of the
RH, individual data sets reveal a much more complex pattern of
topographic changes over therapy. The degree of therapy-induced
recovery from brain damage can be very heterogeneous as are
variations in brain activation patterns, reported by previous stud-
ies (Meinzer et al., 2008). This can be attributed to different
variables such as location and extent of brain lesion, responsive-
ness to language therapy, motivation, or even premorbid factors
(Crosson et al., 2005). In addition, it should be noted that the
lack of additional significant changes after therapy in the seman-
tic ambiguity task (both, behaviorally and physiologically) could
be attributed to the small sample size that was included in the
pre-post analysis.
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Changes in brain activation after ILAT have been reported
previously and show mixed results with regards to lateraliza-
tion of language after therapy. In our previous study, EEG and
source localization before and after ILAT showed a word-specific
enhancements of a negative going event related potential (latency
250ms) generated in both hemispheres (Pulvermüller et al., 2005)
when patients performed a lexical decision task. Both studies
agree on the result that right-hemispheric activation increased
over therapy with ILAT in chronic aphasic subjects, although
the left-hemispheric activation increase could not be confirmed
at the group level in the present study. Thus, our present fMRI
data suggest a stronger role of the RH in cortical reorganiza-
tion. However, it should be noted that the two studies differed
in several aspects, including task, imaging method, stimulation
modality and language used and are therefore difficult to compare
in a direct fashion. EEG studies found that bilateral activation
of superior temporal areas predict therapy outcome after ILAT
(Pulvermüller et al., 2005), while long-term improvements of lan-
guage functions after ILAT were associated with LH activation
(Breier et al., 2009). Other studies employing fMRI have found
ILAT-related changes of hemodynamic brain activation in per-
ilesional areas of the LH (Kurland et al., 2012) as well as in
homotopic areas of the RH (Saur et al., 2006). Similar to our
results, these studies report a rather mixed pattern of therapy-
induced activation changes in both hemispheres for individual
patients. Despite the fact that a number of previous studies found
evidence for perilesional in the LH accompanying functional
recovery, it seems that the non-dominant RH plays a crucial role
in the recovery of verbal communication after stroke in general
and after ILAT in particular. However, the factors, influencing
RH contribution to cortical reorganization still seem to be unre-
solved, although task and stimulus properties seem to play an
important role. For example, in contrast to our findings, Richter
et al. (2008) found that pre-therapy RH activation was followed
by a decrease in activation after ILAT and correlated with clinical
outcome and some researchers even argue that inhibiting right
inferior-frontal areas in aphasic patients by repetitive TMS may
improve language performance (Naeser et al., 2012). Our present
results speak against such an interpretation as the orchestration
of RH activation in different semantic contexts seemed to be the
best indicator of and, potentially, an important substrate for the
neuroplasticity of language.
As functional language changes were seen over a period of 2
weeks only, while none of the patients received any other speech
and language therapy, the observed functional changes are likely
to be a result of treatment. However, a major shortcoming of the
present study is that no control group could be included to con-
trol for treatment specific effects or repetition effects. Therefore,
it is not entirely clear from our data if the clinical and neu-
rometabolic changes seen after the 2-week treatment interval are
specifically related to the administration of ILAT, to language
therapy in general or even just due to repetition effects. Therefore,
a more controlled design or, ideally, a randomized controlled trial
is required to assess this more clearly. It should be noted, though,
that previous reports have shown stability in brain activation pat-
terns across test-retest sessions in healthy controls within a 2-week
interval and in patients with aphasia who underwent a baseline
scan 3 weeks before the pre-therapy scan (Breier et al., 2009).
Therefore, it seems rather unlikely that our data are a result of
pure repetition effects. Although the present results must be con-
sidered with caution, they add to a growing body of evidence for
ILAT related neural changes.
In conclusion, our data further confirm that ILAT is effec-
tive in treating patients with chronic aphasia. It could also be
shown that aphasia patients are able to make semantic ambigu-
ity decisions when ambiguous and unambiguous sentences were
presented auditorily. Employing a semantic ambiguity paradigm
may therefore provide a useful tool for assessing higher-level
language processing and functional changes after aphasia ther-
apy. The present findings indicate that 2 weeks of ILAT lead
to a change in brain activity in inferior frontal and tempo-
ral areas of the right, unaffected hemisphere of chronic apha-
sia patients. This activation change occurred specifically while
patients were processing sentences containing highly ambigu-
ous words. The data support the notion that brain regions
in the unaffected RH, homotopic to typical LH language
areas, may contribute to functional reorganization in chronic
aphasia.
ACKNOWLEDGMENTS
This research was supported by the Medical Research Council,
programme codes MC-A060-5PQ80 and MC_US_A060_0034
and by Anglia Ruskin University, Cambridge, UK. We thank Matt
Davies and Jennifer Rodd for their advice in conducting the study
and the patients and their carers for participating in this research.
REFERENCES
Baayen, R. H., Piepenbrock, R., and Gulikers, L. (1995). The CELEX Lexical
Database (CD-ROM). Linguistic Data Consortium, Philadelphia, PA: University
of Pennsylvania.
Basso, A., Gardelli, M., Grassi, M. P., and Mariotti, M. (1989). The role of the right
hemisphere in recovery from aphasia. Two case studies. Cortex 25, 555–566. doi:
10.1016/S0010-9452(89)80017-6
Basso, A., andMacis, M. (2011). Therapy efficacy in chronic aphasia. Behav. Neurol.
24, 317–325. doi: 10.1155/2011/313480
Bates, E., Wilson, S. M., Saygin, A. P., Dick, F., Sereno, M. I., Knight, R. T., et al.
(2003). Voxel-based lesion-symptom mapping. Nat. Neurosci. 6, 448–50. doi:
10.1038/nn1050
Berthier, M. L., Green, C., Lara, J. P., Higueras, C., Barbancho, M. A., Davila,
G., et al. (2009). Memantine and constraint-induced aphasia therapy in
chronic poststroke aphasia. Ann. Neurol. 65, 577–585. doi: 10.1002/ana.
21597
Berthier, M. L., and Pulvermüller, F. (2011). Neuroscience insights improve
neurorehabilitation of post-stroke aphasia. Nat. Rev. Neurol. 7, 86–97. doi:
10.1038/nrneurol.2010.201
Bhogal, S. K., Teasell, R., and Speechley, M. (2003). Intensity of aphasia therapy,
impact on recovery. Stroke 34, 987–993. doi: 10.1161/01.STR.0000062343.64
383.D0
Breier, J. I., Juranek, J., Maher, L. M., Schmadeke, S., Men, D., and
Papanicolaou, A. C. (2009). Behavioral and neurophysiologic response to
therapy for chronic aphasia. Arch. Phys. Med. Rehabil. 90, 2026–2033. doi:
10.1016/j.apmr.2009.08.144
Breier, J. I., Maher, L. M., Novak, B., and Papanicolaou, A. C. (2006).
Functional imaging before and after constraint-induced language therapy
for aphasia using magnetoencephalography. Neurocase 12, 322–331. doi:
10.1080/13554790601126054
Breier, J. I., Maher, L. M., Schmadeke, S., Hasan, K. M., and Papanicolaou, A. C.
(2007). Changes in language-specific brain activation after therapy for apha-
sia using magnetoencephalography: a case study. Neurocase 13, 169–177. doi:
10.1080/13554790701448200
Frontiers in Human Neuroscience www.frontiersin.org November 2014 | Volume 8 | Article 919 | 13
Mohr et al. Right-hemispheric reorganization after ILAT
Brett, M., Anton, J. L., Valabregue, R., and Poline, J. B. (2002). “Region of interest
analysis using an SPM toolbox [abstract],” in Presented at the 8th International
Conference on FunctionalMapping of the Human Brain, June 2–6, 2002, (Sendai).
Available on CD-ROM in Neuroimage 16.
Cappa, S. F., and Vallar, G. (1992). The role of the left and right
hemispheres in recovery from aphasia. Aphasiology 6, 359–372. doi:
10.1080/02687039208248607
Coleman, M. R., Rodd, J. M., Davis, M. H., Johnsrude, I. S., Menon, D. K., Pickard,
J. D., et al. (2007). Do vegetative patients retain aspects of language com-
prehension? Evidence from fMRI. Brain 130, 2494–2507. doi: 10.1093/brain/
awm170
Crosson, B., Moore, A. B., Gopinath, K., White, K. D., Wierenga, C. E., Gaiefsky, M.
E., et al. (2005). Role of the right and left hemispheres in recovery of function
during treatment of intention in aphasia. J. Cogn. Neurosci. 17, 392–406. doi:
10.1162/0898929053279487
Davis, M. H., and Johnsrude, I. S. (2003). Hierarchical processing in spoken
language comprehension. J. Neurosci. 23, 3423–3431.
De Renzi, E., and Vignolo, L. (1962). The Token Test: a sensitive test to detect
receptive disturbances in aphasics. Brain 85, 665–678. doi: 10.1093/brain/85.
4.665
Diederich, A., and Colonius, H. (2004). Bimodal and trimodal mul-
tisensory enhancement: effects of stimulus onset and intensity on
reaction time. Percept. Psychophys. 66, 1388–1404. doi: 10.3758/BF031
95006
Difrancesco, S., Pulvermüller, F., and Mohr, B. (2012). Intensive lan-
guage action therapy: the methods. Aphasiology 26, 1317–1351. doi:
10.1080/02687038.2012.705815
Goodglass, H., and Kaplan, E. (1972). The Assessment of Aphasia and Related
Disorders. Philadelphia, PA: Lea & Febiger.
Grindrod, C. M., and Baum, S. R. (2003). Sensitivity to local sentence context
information in lexical ambiguity resolution: evidence from left- and right-
hemisphere-damaged individuals. Brain Lang. 85, 503–523. doi: 10.1016/S0093-
934X(03)00072-5
Hall, D. A., Haggard, M. P., Akeroyd, M. A., Palmer, A. R., Summerfield, A. Q.,
Elliott, M. R., et al. (1999). Sparse temporal sampling in auditory fMRI. Hum.
Brain Mapp. 7, 213–223.
Heiss, W. D., Kessler, J., Thiel, A., Ghaemi, M., and Karbe, H. (1999). Differential
capacity of left and right hemispheric areas for compensation of post-stroke
aphasia. Ann. Neurol. 45, 430–438.
Heiss, W. D., and Thiel, A. (2006). A proposed regional hierarchy in recovery
of post-stroke aphasia. Brain Lang. 98, 118–123. doi: 10.1016/j.bandl.2006.
02.002
Kelly, H., Brady, M. C., and Enderby, P. (2010). Speech and language therapy
for aphasia following stroke. Cochrane Database Syst. Rev. 5:CD000425. doi:
10.1002/14651858.CD000425.pub2
Kiefer, M., and Pulvermüller, F. (2012). Conceptual representations in mind and
brain: theoretical developments, current evidence and future directions. Cortex
48, 805–825. doi: 10.1016/j.cortex.2011.04.006
Kurland, J., Pulvermüller, F., Silva, N., Burke, K., and Andrianopoulos, M. (2012).
Constrained vs. unconstrained intensive language therapy in two individuals
with chronic, moderate-to-severe aphasia and apraxia of speech: behavioral
and fMRI outcomes. Am. J. Speech Lang. Pathol. 21, 65–87. doi: 10.1044/1058-
0360(2012/11-0113)
Maher, L. M., Kendall, D., Swearengin, J. A., Rodriguez, A., Leon, S. A., Pingel, K.,
et al. (2006). A pilot study of use-dependent learning in the context of con-
straint induced language therapy. J. Int. Neuropsychol. Soc. 12, 843–852. doi:
10.1017/S1355617706061029
Marcotte, K., and Ansaldo, A. (2010). The neural correlates of seman-
tic feature analysis in chronic aphasia: discordant patterns according
to the etiology. Semin. Speech Lang. 31, 52–63. doi: 10.1055/s-0029-12
44953
Meinzer, M., Djundja, D., Barthel, G., Elbert, T., and Rockstroh, B. (2005).
Long-term stability of improved language functions in chronic apha-
sia after constraint-induced aphasia therapy. Stroke 36, 1462–1466. doi:
10.1161/01.STR.0000169941.29831.2a
Meinzer, M., Flaisch, T., Breitenstein, C., Wienbruch, C., Elbert, T., and
Rockstroh, B. (2008). Functional re-recruitment of dysfunctional brain areas
predicts language recovery in chronic aphasia. Neuroimage 39, 2038–2046. doi:
10.1016/j.neuroimage.2007.10.008
Mohr, B., Pulvermüller, F., and Zaidel, E. (1994). Lexical decision after left, right,
and bilateral presentation of content words, function words, and non-words:
evidence for interhemispheric interaction. Neuropsychologia 32, 105–124. doi:
10.1016/0028-3932(94)90073-6
Mummery, C. J., Ashburner, J., Scott, S. K., and Wise, R. J. (1999).
Functional neuroimaging of speech perception in six normal and
two aphasic subjects. J. Acous. Soc. Am. 106, 449–457. doi: 10.1121/1.
427068
Musso, M., Weiller, C., Kiebel, S., Muller, S. P., Bulau, P., and Rijntjes, M. (1999).
Training-induced brain plasticity in aphasia. Brain 122 (Pt 9): 1781–1790. doi:
10.1093/brain/122.9.1781
Naeser, M. A., Martin, P. I., Ho, M., Treglia, E., Kaplan, E., Bashir, S., et al. (2012).
Transcranial magnetic stimulation and aphasia rehabilitation. Arch. Phys. Med.
Rehabil. 93, S26–S34. doi: 10.1016/j.apmr.2011.04.026
Oldfield, R. C. (1971). The assessment and analysis of handedness: the
Edinburgh Inventory. Neuropsychologia 9, 97–113. doi: 10.1016/0028-3932(71)
90067-4
Paradis, M. (2001). The need for awareness of aphasia symptoms in differ-
ent languages. J. Neurolinguistics 14, 85–91. doi: 10.1016/S0911-6044(01)
00009-4
Peelle, J. E. (2012). The hemispheric lateralization of speech processing depends on
what “speech” is: a hierarchical perspective. Front. Hum. Neurosci. 6:309. doi:
10.3389/fnhum.2012.00309
Price, C. J., and Crinion, J. (2005). The latest on functional imag-
ing studies of aphasic stroke. Curr. Opin. Neurol. 18, 429–434. doi:
10.1097/01.wco.0000168081.76859.c1
Price, C., Thierry, G., and Griffiths, T. (2005). Speech-specific auditory pro-
cessing: where is it? Trends Cogn. Sci. 9, 271–276. doi: 10.1016/j.tics.2005.
03.009
Pulvermüller, F., and Berthier, M. L. (2008). Aphasia therapy on a neu-
roscience basis. Aphasiology 22, 563–599. doi: 10.1080/026870307016
12213
Pulvermüller, F., Hauk, O., Zohsel, K., Neininger, B., and Mohr, B. (2005).
Therapy-related reorganization of language in both hemispheres of patients
with chronic aphasia.Neuroimage 28, 481–489. doi: 10.1016/j.neuroimage.2005.
06.038
Pulvermüller, F., Neininger, B., Elbert, T., Mohr, B., Rockstroh, B.,
Koebbel, P., et al. (2001). Constraint-induced therapy of chronic apha-
sia following stroke. Stroke 32, 1621–1626. doi: 10.1161/01.STR.32.
7.1621
Rauschecker, J. P. (1999). Making brain circuits listen. Science 285, 1686–1687. doi:
10.1126/science.285.5434.1686
Rauschecker, J. P., and Scott, S. K. (2009). Maps and streams in the auditory cortex:
nonhuman primates illuminate human speech processing. Nat. Neurosci. 12,
718–724. doi: 10.1038/nn.2331
Richter, M., Miltner, W. H., and Straube, T. (2008). Association between therapy
outcome and right-hemispheric activation in chronic aphasia. Brain 131(Pt 5):
1391–1401. doi: 10.1093/brain/awn043
Rodd, J. M., Davis, M. H., and Johnsrude, I. S. (2005). The neural mechanisms of
speech comprehension: fMRI studies of semantic ambiguity. Cereb. Cortex 15,
1261–1269. doi: 10.1093/cercor/bhi009
Saur, D., Lange, R., Baumgaertner, A., Schraknepper, V., Willmes, K., Rijntjes, M.,
et al. (2006). Dynamics of language reorganization after stroke. Brain 129(Pt 6):
1371–1384. doi: 10.1093/brain/awl090
Seghier, M. L., Ramlackhansingh, A., Crinion, J., Leff, A. P., and
Price, C. J. (2008). Lesion identification using unified segmentation-
normalisation models and fuzzy clustering. Neuroimage 41, 1253–1266.
doi: 10.1016/j.neuroimage.2008.03.028
Taub, E., Uswatte, G., and Elbert, T. (2002). New treatments in neurorehabilitation
founded on basic research. Nat. Rev. Neurosci. 3, 228–236. doi: 10.1038/nrn754
Turkeltaub, P. E., Coslett, H. B., Thomas, A. L., Faseyitan, O., Benson, J., Norise, C.,
et al. (2012). The right hemisphere is not unitary in its role in aphasia recovery.
Cortex 48, 1179–1186. doi: 10.1016/j.cortex.2011.06.010
Vuong, L. C., and Martin, R. C. (2011). LIFG-based attentional control and the
resolution of lexical ambiguities in sentence context. Brain Lang. 116, 22–32.
doi: 10.1016/j.bandl.2010.09.012
Weiller, C., Isensee, C., Rijntjes, M., Huber, W., Müller, S., Bier, D., et al. (1995).
Recovery fromWernicke’s aphasia: a positron emission tomography study. Ann.
Neurol. 37, 723–732. doi: 10.1002/ana.410370605
Frontiers in Human Neuroscience www.frontiersin.org November 2014 | Volume 8 | Article 919 | 14
Mohr et al. Right-hemispheric reorganization after ILAT
Worsley, K. J., Marrett, S., Neelin, P., Vandal, A. C., Friston, K. J., and Evans, A.
C. (1996). A unified statistical approach for determining significant signals in
images of cerebral activation. Hum. Brain Mapp. 4, 58–73.
Zaidel, E. (1976). Auditory vocabulary of the right hemisphere following brain
bisection or hemidecortication. Cortex 12, 191–211. doi: 10.1016/S0010-
9452(76)80001-9
Zempleni, M. Z., Renken, R., Hoeks, J. C., Hoogduin, J. M., and Stowe, L. A. (2007).
Semantic ambiguity processing in sentence context: evidence from event-
related fMRI. Neuroimage 34, 1270–1279. doi: 10.1016/j.neuroimage.2006.
09.048
Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.
Received: 19 August 2014; accepted: 28 October 2014; published online: 14 November
2014.
Citation: Mohr B, Difrancesco S, Harrington K, Evans S and Pulvermüller F (2014)
Changes of right-hemispheric activation after constraint-induced, intensive language
action therapy in chronic aphasia: fMRI evidence from auditory semantic processing.
Front. Hum. Neurosci. 8:919. doi: 10.3389/fnhum.2014.00919
This article was submitted to the journal Frontiers in Human Neuroscience.
Copyright © 2014 Mohr, Difrancesco, Harrington, Evans and Pulvermüller. This
is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) or licensor are credited and that the orig-
inal publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.
Frontiers in Human Neuroscience www.frontiersin.org November 2014 | Volume 8 | Article 919 | 15
